Haploid spermatid differentiation (spermiogenesis) in the mouse takes -2 weeks and consists of 16 steps that are characterized by changes in nuclear morphology and acrosome development (1, 2) . During spermiogenesis the histones on the DNA are gradually replaced by a class of proteins with intermediate basicity called the transition proteins (TPs) (3) . The TPs are thought to participate in the removal of the histones and in the initial condensation of the spermatid nucleus (4, 5) . Later in spermiogenesis the TPs are replaced with two small arginine-rich proteins called the protamines (6) . The protamines clearly are not required for initiating sperm nuclear condensation because condensation begins before protamine synthesis, but they may have a role in completing it in later-stage spermatids and in maintaining it in mature spermatozoa.
A special feature of sperm morphogenesis is that global transcription from the haploid genome ceases several days before the completion of spermiogenesis and the synthesis of the transition proteins and the protamines (7, 8) . To accommodate the cessation of transcription, the mRNAs that encode the TPs and the protamines are synthesized in round spermatids (steps 7-9), stored as cytoplasmic ribonucleoprotein particles for up to a week (steps [7] [8] [9] [10] [11] [12] , and finally translated in elongated spermatids (steps [12] [13] [14] [15] [16] (4, (9) (10) (11) .
Transgenic studies have shown that the 3' untranslated region (3' UTR) of Prml mRNA is both necessary and sufficient to mediate translational repression during spermatid differentiation (12, 13) . Recent transgenic analysis suggests that two different regions of the Prml 3' UTR are important for translational repression and that each is sufficient for repression independent of the other (unpublished data). Proteins that bind to different regions of the Prml 3' UTR RNA in vitro have been described and postulated to be involved in
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translational repression, although direct proof that they function as translational repressors in vivo has not yet been demonstrated (14, 15) .
An important and unanswered question in sperm morphogenesis is whether the temporal expression of the testis nuclear basic proteins is actually necessary for normal spermatid differentiation. To address the importance of the translational repression of Prml mRNA, we generated transgenic mice that fail to delay Prml mRNA translation. We show that premature translation of Prml mRNA causes precocious condensation of nuclear DNA and a failure to complete spermatid differentiation, resulting in sterility.
MATERIALS AND METHODS
Plasmid Construction and Transgenic Mice. The 4.5-kb transgene contains -4.1 kb ofPrml 5'-untranscribed sequence extending 5' of the transcriptional start site to a HindIII site at -4.1 kb, the 95-nt noncoding region of exon 1, the complete coding exons and intronic sequence of Prml (247 nt) (16) , and the 105-nt 3' noncoding region of the human growth hormone (hGH) gene (17) . Previous studies have established that 4.1 kb of Prml 5'-flanking DNA is sufficient to direct spermatidspecific transcription upon a heterologous gene in transgenic mice (16) . Transgenic mice were generated by pronuclear injection of fertilized eggs derived from (C57BL/6x SJL)Fl females mated with identical hybrid males as described (18) .
RNA Analysis. Total RNA was isolated from dissected testes using the method of Chomczynski and Sacchi (19 1 ,ug/ml, 1 mM benzamidine, leupeptin at 0.5 j,g/ml, pepstatin A at 1 pAg/ml, and 0.5 mM phenylmethylsulfonyl fluoride), filtering the homogenates through three layers of gauze, and centrifuging at 250 x g for 5 min at 40C. The nuclei pellet was suspended in MKPT [20 mM by sedimenting through 1.1 M sucrose/MKPT as described (20) . The nuclei pellet was resuspended in cold distilled water/protease inhibitors and sonicated for three 30-sec bursts, each at 60 W. Sonication-resistant spermatid nuclei were recovered by centrifugation at 6000 x g for 5 min at 4°C from the sonication-sensitive nuclei (supernatant). Basic nuclear proteins were isolated as described with some modifications (21) . Briefly, the sonication nuclei were washed twice and dissolved in protamine extraction buffer [6 M (23) . Basic nuclear proteins from sonication-sensitive nuclei (the supernatant fraction) were prepared by extracting with 0.25 M HCI twice as described (23) . Proteins in the pooled extract were precipitated with 20% trichloroacetic acid, resuspended in protamine extraction buffer, and processed as those from sonication-resistant nuclei. Basic proteins were dissolved in 8 M urea/0.9 M acetic acid/0.1 M 2-mercaptoethanol/1% methyl green and separated in polyacrylamide slab gels containing 15% acrylamide, 0.1% bisacrylamide, 6 .2 M urea, 0.9 M acetic acid by a modification of a described method (24) . The gels were prerun at 200 V for 2.5 hr in 0.9 M acetic acid. Protein samples were loaded and electrophoresed in fresh running buffer at 20-mA constant current for -2 hr. The gels were stained in 0.2% naphthol blue-black/40% (vol/vol) ethanol/7% (vol/vol) acetic acid and destained in the same solution without dye.
Immunoblot Analysis. The proteins separated on an acidurea gel were electroblotted onto an Immobilon-P filter (Millipore) in 0.7% acetic acid at 400 mA for 15 min. Half of the blot was stained in 0.25% Coomassie brilliant blue/45% methanol/10% (vol/vol) acetic acid and subsequently destained in 50% (vol/vol) methanol/10% acetic acid. The other half of the blot was blocked with 5% nonfat dry milk/phosphate-buffered saline (BPBS) and then incubated overnight at 4°C with the Hup2B (25) (Fig. 3) . Transmission refers to the fraction of F1 animals that inherit the transgene from a fertile transgenic male. Phenotype refers to the histological phenotype. In the early spermatid-arrest phenotype all seminiferous tubules show a uniform arrest at the round-spermatid stage ( Fig. 1 C and F) . The late-stage spermatiddefect phenotype refers to abnormal head morphogenesis in early elongating spermatids and the failure to release spermatids from the seminiferous epithelium ( Fig. 1 B and E Fig. 1 B and E) . A second phenotype, seen in founder animal 11080 and line 11135, was a complete developmental arrest at the round spermatid stage observed in every seminiferous tubule examined ( Fig. 1 C and F) . In some instances spermatids formed multinucleated cells, by relaxation of intercellular bridges and the convergence of cytoplasm (Fig. 1F) . In both phenotypes no mature spermatozoa were detected in the epididymis (Fig. 1 H and 1) .
Synthesis and Premature Translation of Prml mRNA. On the basis of previous experiments (12), we expected that replacement of the 3' UTR of Prml with the 3' UTR of hGH would lead to premature translation of the transgenic PrmhGH mRNA. We confirmed that Prml protein was synthesized early by using immunocytochemistry. Treatment of testis sections from males in lines 11142 and 11135 ( Fig. 2A and B , respectively), with anti-Prml antibody showed that Prml was synthesized prematurely and that it was localized to the nucleus. We detected Prml in the testis from males in line 11142 in round and elongating spermatids (steps 7-12) and in line 11135 in round spermatids (steps 7-8), whereas Prml protein is normally first detected in step 12 (data not shown).
To determine whether the different histological phenotypes correlated with the level of transgene expression, Northern blot analysis was performed on RNA isolated from the testes of the transgenic mice (Fig. 3) . Highest levels of transgene expression (founder 11080 and line 11135) correlated with the early spermatid-arrest phenotype, moderate levels of transgenic mRNA with late-stage spermatid-defect phenotype, and extremely low levels (line 11134) with semifertility. Theoretically, the spermatogenic phenotypes we observed could be due solely to increased amounts of Prml protein and not to its altered temporal expression. However, >40 lines of transgenic mice have been established that contain as much as three times the normal amount of Prml synthesized at the appropriate time during spermiogenesis (16, 28, 29) , and in no case has this led to fertility defects. Thus hypothesis Northern blot analysis was used to assess the mRNA levels from the endogenous Prml and Prm2 genes. Fig.  3 shows that, relative to actin RNA, the endogenous Prml and Prm2 transcripts are present in normal amounts in animals with both phenotypes, suggesting that a general block in global transcription is not responsible for the phenotypes observed.
A second hypothesis to explain the sterility phenotype is that premature synthesis of Prml affects the synthesis of the TPs and the endogenous protamines. To analyze synthesis of the various testis basic nuclear proteins, total testis basic proteins were isolated from sonication-sensitive and sonicationresistant nuclei and separated by acid-urea gel electrophoresis. Spermatid nuclei normally become sonication-resistant in wild-type mice after deposition of the TPs and protamines (Fig. 4A, lanes 1 and 2) (3) . In animals with the late-stage spermatid-defect phenotype (Fig. 4A, lanes 6, 8, 10, and 16) , we detected the presence of Prml, transition protein 2 (TP2), and the precursor of Prm2, in sonication-resistant nuclei only. The absence of Prml in sonication-sensitive nuclei (Fig. 4A,  lanes 5, 7, 9, and 15) suggests that accumulation of Prml leads to sonication resistance. In no animals did we observe levels of Prml protein in excess of that seen in normal control males, again supporting the conclusion that it is the time of Prml expression and not the absolute amount of Prml protein that is responsible for the spermiogenic phenotypes.
By protein analysis we cannot distinguish between Prml protein expressed from the transgene and from the endogenous Prml gene. However, translation of endogenous Prml mRNA is normally accompanied by significant shortening of its poly(A) tail, resulting in a heterogeneous population of transcripts ranging in size between -400 and 560 nt (9) . A shortened, and presumably deadenylated, Prml RNA is seen in the control nontransgenic samples and in RNA samples from all transgenic animals that show the late-stage spermatiddefect phenotype (Fig. 3, lanes 1, 3-11, and 13) , suggesting that the endogenous Prml mRNA is translated in those animals.
Prm2 is normally synthesized as a precursor protein of 106 amino acids and is processed through a series of proteolytic cleavages to a final size of 63 amino acids (30, 31) . Interestingly, animals that displayed the late-stage spermatid-defect phenotype only contained the largest of the unprocessed forms of Prm2 (Fig. 4A, lanes 6, 8, 10, and 16 ). To verify the identity of precursor, partially processed, and mature Prm2, we analyzed the basic proteins prepared from a normal testis, and from a founder and F1 male with the late-stage spermatiddefect phenotype, by immunoblot analysis. In the control (Fig. 4B, lanes 1 and  4) , whereas in animals 11066 and 11142-28 only the precursor and the largest of the partially processed forms were detected (Fig. 4B, lanes 2, 3, 5 the TPs demonstrates that removal of the TPs is not required for Prml deposition; however, our data suggest that the deposition of Prml protein is abnormal and that it interferes with the normal events of spermiogenesis. In summary, these data suggest that the failure to complete spermatid differentiation is due to a failure to complete the transition from nucleohistones to nucleoprotamines and demonstrate that chromatin condensation depends on the correct temporal synthesis of the TPs and the protamines.
Spermatid nuclear shaping begins several days before synthesis of the TPs and protamines. Spermatid nuclear morphology is under genetic control (32) , and the extranuclear forces that impose this shaping process are mediated, in part, by a microtubular array called the manchette (33) . On the basis of the abnormal nuclear morphology in animals with the latestage spermatid-defect phenotype, our data support the hypothesis that intranuclear forces, mediated by the process of chromatin condensation, may also contribute to the shape of the spermatid nucleus (34) .
